We studied the effect of intravenous dextran 70 infusion on lung liquid and protein exchange to determine whether its effects were due to altered hemodynamics or to altered microvascular permeability. In each of six instrumented awake sheep with chronic lung lymph fistulas, we performed three experiments: 1) control, 2) a 30-minute infusion of 1 1 of 6% dextran 70, and 3) an infusion of 1 1 of 0.9%, NaCI. In addition to pulmonary hemodynamics and lymph dynamics, we measured the plasma-to-lung lymph equilibration rate of [125l]albumin. We followed all the sheep for 10 hours, including a 2-hour baseline period. Dextran was more effective in expanding plasma volume (63±15% [mean±+SD]) than saline (11±6%) at the end of the 30-minute infusion. Pulmonary vascular pressures increased after dextran and remained elevated for 8 hours, whereas after saline the pressures returned to baseline within 1 hour. After dextran, lung lymph flow increased and remained elevated. It was only transiently increased after saline. We confirmed that dextran equilibrated rapidly with lung lymph (half-time, <0.6 hour), even though it maintained plasma volume expansion for the whole body (half-time, 11.1±2.7 hours). The dextran increased both plasma and lymph total macromolecular osmotic pressure but did not increase the plasma-interstitial (lymph) osmotic pressure difference in the lung, except transiently during the infusion. The lymph/plasma protein concentration ratio increased after dextran due mainly to plasma protein dilution. There were no differences in the half-time of tracer albumin equilibration between plasma and lung lymph (control, 2.2+±0.6 hours; saline, 2.0+0.6 hours; dextran, 2.3+±0.6 hours). Dextran 70 increased liquid filtration mainly by increasing microvascular pressure and possibly filtration surface area. There was no evidence for a change in the leakiness of the lung microvascular barrier to albumin. (Circulation Research 1990;67:852-861) T ransvascular liquid balance in the lung is governed by several factors as described by the Starling equation.1 One important factor is the normal protein osmotic pressure difference across the microvascular endothelial barrier. During resuscitation from hemorrhagic, traumatic, or cardiogenic shock, it may be useful to infuse macromolecular substances to increase or maintain plasma volume and cardiac output.2-4 The increased plasma macromolecular osmotic pressure may also decrease liquid filtration into the lung. Likewise, prompt treatment of shock with these agents may be effective in
T ransvascular liquid balance in the lung is governed by several factors as described by the Starling equation.1 One important factor is the normal protein osmotic pressure difference across the microvascular endothelial barrier. During resuscitation from hemorrhagic, traumatic, or cardiogenic shock, it may be useful to infuse macromolecular substances to increase or maintain plasma volume and cardiac output.2-4 The increased plasma macromolecular osmotic pressure may also decrease liquid filtration into the lung. Likewise, prompt treatment of shock with these agents may be effective in preventing the development of Adult Respiratory Distress Syndrome. Among macromolecular substances, dextran 70 is widely used to expand plasma volume.5, 6 Kramer et a15 compared resuscitation by lactated Ringer's solution with that by dextran 70, after third degree burns in sheep. Their goal was to restore and maintain central venous pressure and pulmonary wedge pressure to baseline levels. Dextran 70 caused a 50% decrease in lung lymph flow, and its lymph concentration remained less than 0.5 of that in plasma for up to 12 hours. Although the lymph-toplasma total protein concentration after dextran increased, Kramer et al concluded that the initial lung results could be explained by dehydration of the lung due to the high plasma macromolecular osmotic pressure. No change in lung microvascular permeability was required. Toyofuku et al,7 however, concluded from their studies in sheep that there may be an increase in lung microvascular permeability after dextran 40 infusion, although recruitment of micro-vascular surface area was probably more important. Rutili et a18 used dextran 70 in moderate doses (15 mllkg) in anesthetized dogs whose lungs had been injured by a-naphthylthiourea. When they maintained a constant left atrial pressure, lung lymph flow did not rise during the first hour, but if the left atrial pressure was allowed to rise as a result of plasma volume expansion, lymph flow increased to high levels within 30 minutes.
Albumin (66 kDa)9 and transferrin (78 kDa)10 equilibrate between plasma and lung lymph in normal sheep with a half-time of 2-3 hours, whereas for the body as a whole, the plasma escape rate of labeled albumin is much slower (half-time, [10] [11] [12] 
hours).'1112
Since infusion of dextran 70 increases plasma macromolecular osmotic pressure and pulmonary microvascular pressure, the net effect of dextran 70 on normal lung liquid and protein exchange is not known. In chronically instrumented sheep, we compared a 1-1 infusion of dextran 70 with a 1-1 infusion of saline. We compared the volume infusions in terms of their effectiveness for altering plasma volume, pulmonary hemodynamics, and lymph dynamics. We asked the following questions: What are the relative effects of saline versus dextran 70 on plasma volume, pulmonary microvascular pressure, and lung lymph flow? What is the net effect of saline or dextran on the macromolecular osmotic pressure difference across the microvascular barrier in the lung? What are the rates of dextran and of tracer protein equilibration between plasma and lung lymph in sheep?
Our results in unanesthetized sheep confirm that dextran is much more effective in expanding plasma volume than is saline. But dextran 70 equilibrates rapidly with lung perimicrovascular interstitial liquid (lung lymph), does not effectively increase the plasmato-lung lymph macromolecular osmotic pressure difference, and, thus, acts to increase net liquid filtration by raising lung microvascular pressure. Further, dextran 70 had no effect on the equilibration rate of tracer albumin between plasma and lung lymph.
Materials and Methods

Animal Preparation
We used six sheep weighing 38.5+±3.5 kg (mean± SD) and prepared them for hemodynamic and lung lymph dynamic studies according to standard procedures developed in our laboratory and extensively described elsewhere. 13, 14 Briefly, in the halothaneanesthetized, tracheally-intubated, ventilated animal we made a sterile left thoracotomy and placed polyvinyl catheters in the main pulmonary artery and left atrium. We attached a 3.5F thermistor (Baxter Healthcare Corp., Deerfield, Ill.) to the pulmonary artery catheter. We also placed an ultrasonic flow probe cuff (Parks Medical Electronics, Aloha, Ore.) around the pulmonary artery, resected the tail of the caudal mediastinal lymph node, and cauterized the left surface of the esophagus and diaphragm to remove extrapulmonary lymphatics. A week later, we reanesthetized the animal, made a right thoracotomy, and cannulated the efferent duct of the caudal mediastinal node with fine polyvinyl tubing impregnated with heparin by the tridodecylmethyl ammonium chloride process. We also cauterized across the right side of the esophagus and diaphragm. In addition, we placed polyvinyl catheters into an external jugular vein for the volume infusions and into the carotid artery for blood sampling and pressure measurements.
We allowed 4-6 days for recovery, after which we did experiments with the sheep awake in its mobile metabolism cage with free access to food and water. Average body temperature at the time of our experiments was 39.3±0.30 C, Pao2 was 85.8+8.2 mm Hg, and Paco2 was 37.3+±3.4 mm Hg.
Expermental Protocol
Three studies were done in each sheep. After a 2-hour baseline period, the appropriate intervention was made (see below), and the animal was followed for 8-10 hours. Experiments were done 2-3 days apart, so that the animal had time to recover fully between experiments.
The first experiment was always a control (no liquid infusion). The second and third experiments were alternated between 1 1 sterile 6% dextran 70 in 0.9% sodium chloride solution (Macrodex, Pharmacia Inc., Piscataway, N.J.; Gentran-70, Baxter Healthcare) and 1 1 sterile 0.9% sodium chloride solution. The liquid infusions were made intravenously over 30 minutes. Dextran 70 is a long chain neutral polymer of glucose with relatively little branching. The 6% solution we used is supplied commercially in saline at pH 5.0. Although the average molecular weight is 70 kD, 90% of the particles lie between 20 and 115 kD.
We measured all hemodynamic and lymph dynamic variables every 15 minutes for 10-12 hours, including a 2-hour baseline, 30- There is a positive error in the standard biuret total protein analysis due to turbidity caused by 17 The plasma and lymph concentrations of dextran were determined in duplicate by the anthrone method.'8 All samples were measured simultaneously after the end of an experiment. In the anthrone reaction, it is important to control the time of color development before measuring reactant absorbance. Therefore, as soon as the reaction was complete at 1000 C, all tests were moved to a room temperature water bath and then read immediately.
Tracer Protein Equilibration
To measure the rate of equilibration between plasma and lung lymph for [1'5I]human serum albumin, we followed the procedure of Vaughan et al. 9 We injected 8-15 ,uCi of [1251]albumin intravenously, increasing the dose in successive experiments because of the residual background radioactivity. We collected lymph every 15 or 30 minutes and blood every 30 or 60 minutes up to 8 hours.
We measured weighed samples (approximately 0.5 g) of plasma and lymph for radioactivity in a welltype gamma spectrometer (Autogamma 3002, Hewlett-Packard Co., Downers Grove, Ill.). Radioactivity was recorded as total counts (minutesx gram sample) and also as specific activity [counts.
(minutes x gram albumin)]. From the accumulated data, the half-time for the plasma-to-lymph equilibration was determined by computer, using a leastsquares method for fitting an exponential function.9 In addition, we used the plasma radioactivity during the first 30 minutes after each injection of isotope to calculate circulating plasma volume. The plasma dilution immediately after the saline and dextran 70 infusions was also calculated from the change in the total protein concentration in all sheep.
Statistics
The data are shown in the tables as the group mean± +1 sample SD. Within groups, we used a two-way analysis of variance (animal, time), and for statistical differences we compared selected time periods with the baseline by a paired t test on the individual animal data, allowing for repeated measurement of the same variable. For the half-time of albumin equilibration, we used a one-way analysis of variance (experiment) to compare the plasma escape rates or the plasma-to-lymph equilibration rates. We applied the Bonferroni correction for multiple comparisons of the same data.
Results
Control Experiment
The group data are summarized in Table 1 , and selected variables are graphed in Figures 1-4 (open diamonds). One of the outstanding features of the unanesthetized sheep is its stability. There were no significant changes during the 10-hour experiment. In addition, arterial blood gases were stable. The mean Pao2, PaCo2, and pH for the 2-hour baseline and last hour were 85.3+5.9 and 84.3+ 10.9 mm Hg, 36.4+3.0 and 36.9±3.7 mm Hg, and 7.50±0.04 and 7.50+0.02, respectively.
Saline Experiment
The data are summarized in Table 2 , and selected variables are plotted in Table 2 . Dextran Experiment The data are summarized in Table 3 , which has the same format as the other tables, with the addition of the dextran concentration in plasma and lymph. Selected variables are plotted in Figures 1-4 tran 70 infusion were the same as for saline, the effects were greater and longer lasting. Pulmonary vascular pressures were significantly increased for 2 hours and tended to remain elevated throughout the experiment. Figure 1 shows that plasma volume was increased by 60±16% at 1 hour after the dextran infusion, as measured by protein dilution, and remained significantly increased by about 30% at 8 hours. Lymph flow increased during the first 2 hours after the infusion and tended to remain elevated throughout the experiment. The lymph/plasma total protein concentration ratio, as shown in Figure 3 , rose during the infusion, mainly because of the dilution of the plasma proteins. Figure 5 . The data for all six sheep showing
The total macromolecular osmotic pressure differthe half-times of plasma escape and the plasma-toence (protein plus dextran) across the lung (Table 3, lymph equilibration are summarized in Figure 4 .
analysis of variance, none of these results are statistically significant. We believe the trend toward a faster
Escape of Dextran and Tracer Albumin From Plasma escape rate is due to a rise in plasma volume and
The rate of escape of dextran 70 from plasma, microvascular pressure rather than any effect on sysbased on the data in Table 3 , has a half-time of temic microvascular protein leakiness. '9 11.1±2.7 hours, which is about the same as that for
The more interesting feature of Figure 5 and Table albumin. On the other hand, the concentration of 4 is that the half-time of labeled albumin equilibradextran in caudal mediastinal node efferent lymph tion between plasma and lung lymph was not affected (Table 3) indicates rapid equilibration (<1 hour) by dextran. This is a sensitive test for measuring with the lung perimicrovascular interstitial liquid, as microvascular protein leakiness. In other words, the Figure 6 ). This is Since dextran behaves in the kidney glomerulus differently from comparably sized plasma proteins,29 the effect may be charge-related30 but may also be related to the long flexible linear nature of dextran 70, which may allow it to behave as a smaller particle during filtration. 17 Pietra et a131 and Glauser et a132 found that neutral dextran in tracer quantities equilibrated much more slowly with lung lymph than did anionic (negatively charged) dextran. Parker et a130 made an extensive study of seemingly contradictory data on equilibration of lactate dehydrogenase isozymes between plasma and afferent lung lymph in the anesthetized dog. They reported that the lymph-to-plasma lactate dehydrogenase concentration ratios of two isozymes were equal at 24 hours but the more anionic (more negatively charged) lactate dehydrogenase isozyme equilibrated with lymph faster and initially had a greater lymph protein concentration, whereas the less negatively charged lactate dehydrogenase isozyme escaped faster into lung tissue but its appearance in lymph was delayed by a larger distribution volume (smaller excluded volume). Thus, one must consider not only the microvascular barrier leakiness but also the interstitial available volume. The latter is important for tracer quantities but less so for bulk quantities, which ought to overwhelm the interstitial delaying effects, just as a gel filtration column separates small quantities of material but fails with large quantities.
Commercial dextran 70 is a neutral molecule and therefore should equilibrate with lung lymph slowly.31'32 Ultimately, its steady-state lymph/plasma protein concentration ratio is approximately the same as that of the albumin. However, we found a rapid rise in dextran concentration in lymph reaching 0.76 of the plasma concentration by 2 hours. Haraldson et al17 suggested that the loosely coiled dextran 70 moved more rapidly than predicted from its molecular weight, due to its ability to wriggle through channels by the process known as reptation. This phenomenon is known to occur for very large linear molecules, such as DNA, in gel filtration columns, and the increased microvascular hydrostatic pressure in the pulmonary circulation may well be the explanation for the rapid plasma-to-lymph transport we found. This seems to be a reasonable explanation for our findings for the rapid rise in the lymph-to-plasma dextran concentration when the microvascular pressure was elevated, compared with the slow rise reported when pressure was not elevated. 5 The equilibrium lung lymph/plasma ratios for dextran 70 and albumin are approximately 0.76 and 0.80, respectively, which suggests that, when hydrostatic pressure is not elevated, both molecules are sieved by molecular size almost equally. Due to the rapid escape of dextran into the lung, we must conclude that dextran 70 has only transient effectiveness as an osmotic agent in the pulmonary microvascular bed.
Another important point concerning plasma-tolymph equilibration is that the microvascular surface area/interstitial volume ratio in the lung is much larger than that for any other organ, and therefore, the washout of the lung's interstitium ought to proceed more rapidly than for skeletal muscle. That is why plasma proteins equilibrate more rapidly in the lung than in the whole body (see Table 4 , Control). 9 Toyofuku et a17 thought that increased microvascular surface area largely explained the more rapid equilibration of dextran 40 in their experiments, but that does not explain the difference between dextran and tracer albumin, because the exchange surface area/ interstitial volume ratio should have been the same for both, unless the lung interstitial excluded volume for dextran is much different from that for albumin. We did not measure lung interstitial distribution volume for dextran or albumin in these experiments because that requires removing the lungs for analysis. 33 The equilibration of [1251] albumin is shown in Figure 5 and in Table 4 . There was no significant effect of the dextran or saline infusions on either systemic or pulmonary microvascular protein leakiness. Thus, we confirm the conclusion of Kramer et a15 that dextran 70 does not increase microvascular permeability to protein.
We conclude that, in the systemic circulation, tracer albumin and dextran 70 behave similarly in terms of microvascular leakiness. In the lung microcirculation, there is a marked difference between the equilibration rates of these molecules. Thus, molec-1 ular flexibility, microvascular pressure elevation, interstitial distribution volume, or charge effects may be more significant in the pulmonary than in the systemic circulation. [30] [31] [32] [33] [34] The Macromolecular Osmotic Pressure Difference Across the Pulmonary Microvascular Barier
As Figure 4 shows, neither saline nor dextran had any lasting effect on the macromolecular osmotic pressure difference (iwmv-1Tpmv). Dextran during the infusion period opposed the increased microvascular pressure, which may explain why lymph flow was not significantly increased until 30 minutes after the infusion was completed.
There was no sustained effect of saline on lung lymph flow because the quantity of saline infused did not increase lung microvascular pressure or alter the osmotic pressure difference, even though most of the saline was distributed to the interstitium. the fractional excluded volume decreased markedly but that the absolute excluded volume decreased only modestly, until the infusion volume was large. Thus, the dilution of lymph total protein is greater than the estimated 17% dilution of total interstitial volume. If 65% of the interstitial volume is excluded from protein dilution, we can almost exactly account for the dilution of total protein in lymph and for the modest decrease in the lymph/plasma total protein concentration ratio seen immediately after the saline infusion.
Initially, most (63%) of the infused dextran 70 volume remained in the plasma compartment. During the infusion period, the macromolecular osmotic pressure difference within the lung was nearly doubled, which opposed the rising microvascular pressure. However, the rapid leak of dextran into the perimicrovascular space, as seen 30 minutes after the infusion, eliminated this protection. The increased lung microvascular pressure increased filtration, which also decreased the perimicrovascular interstitial protein concentration according to the sieving coefficient (1-oa, where of is the total protein reflection coefficient). Thus, the lymph total protein concentration decreased, as it does after any elevation of microvascular pressure. 25 Since the plasma was markedly diluted by the dextran, the plasma total protein fell by 38% by the end of the infusion (Table 3) . The lymph/plasma protein concentration ratio rose to a high level, exceeding unity, and remained elevated throughout the experiment because of the persistent plasma protein dilution.
Since lung lymph is derived principally from the perimicrovascular parenchymal interstitium,38 the modest fall in the lymph total protein concentration reflects sieving at the microvascular barrier without implying much dilution of the lung interstitium, which at best would have occurred slowly over the course of the experiment. Indeed, Erdmann et a125 showed that there was minimal increase in extravascular lung water content until microvascular pressure doubled (due to the lymph flow safety factor against edemal"40). Using Figure 6 in the study of Erdmann et al,25 we estimate that the 12 cm H20 increase in microvascular pressure at 1 hour would have caused an increase in extravascular water of 10% after about 2 hours, which would adequately account for the decrease in the lymph protein concentration.
The final problem is to explain why the lymph/ plasma total protein concentration ratio remained above the baseline level after the dextran infusion. Early on, it is easy enough to explain the high ratio as being due to the dilution of the plasma compartment, but the half-time of albumin and, indeed, total protein equilibration in the sheep lung is about 2-3 hours (Table 4) .9,25 We anticipated that the lymph/ plasma protein concentration ratio would recover to the baseline level in a few hours. Instead, it slowly recovered over many hours, as shown in Figure 3 . We can only speculate about an explanation for this phenomenon. One possibility is that the high dextran concentration in the lung interstitium osmotically concentrated the lymph as it flowed along collecting lymphatics in the lung41 or within the caudal mediastinal node. 42 After the dextran infusion, lymph flow was increased 162% at 1 hour and 46% at 10 hours. If one applies the Starling equation assuming the reflection coefficient of dextran is equal to that of albumin, namely, about 0.7,43,44 then the lymph flow increases should have been much less. On the other hand, if the effective microvascular reflection coefficient for dextran is less than that of albumin, as we surmise on the basis of the rapid plasma-to-lymph equilibration, then we can use the Starling equation to calculate it to be approximately 0.4.
Conclusion
Dextran 70 is an excellent plasma expander. But the 1-1 volume we infused (30 ml/kg) also raised lung microvascular pressure and increased liquid filtration. Therefore, care must be taken in the use of dextran 70 as osmotic therapy, especially in patients who have injured lungs or edema. The administration of dextran in small increments could maintain an effective plasma volume, venous return, and cardiac output without increasing lung microvascular pressure significantly.
